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Opening and Closing of the HCN2 Channel Pore is Voltage-Independent
Leo Kim, Wai Wong, Li Yue-Xian, Eric Accili.
UBC, Vancouver, BC, Canada.
Recent studies have suggested that the opening and closing of
Hyperpolarization-activated Cyclic Nucleotide-gated ’HCN’ channels involve
a step that is voltage-independent, which depends upon a region that resides
within the S4 and S6 transmembrane domains of the channels. In the current
study, we use two electrode voltage clamp of the HCN2 channel expressed
in Xenopus oocytes to show that mutation of a residue site in the S6 segment,
in region that likely corresponds to the pore, dramatically slows channel clos-
ing, without large effects on the rate of channel opening, and decreases the
dependence of channel closing on voltage. A 6-state,but not a 4-state, cyclic
allosteric model incorporating voltage-dependent transitions moving the chan-
nels between resting and active states and voltage-independent transitions be-
tween closed and open states was best able to describe the complex gating
behaviour of both the wild type and pore mutant channels in response to
changes in voltage. Modification of the voltage-independent closing transition
recapitulates both the very slow and voltage-independent closing of mutant
channel. In summary, our data supports a cyclic allosteric model of HCN2
channel gating in which the opening and closing of the pore is voltage-
independent.
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Cholesterol is the major sterol component of all mammalian plasma mem-
branes, and has been shown to regulate numerous ion channels. The hyperpo-
larization current, Ih, generated by the hyperpolarization-activated cyclic
AMP-dependent (HCN) ion channels is a major contributor to the pace-
making in cardiac and neuronal tissue. However, regulation of each human
HCN channel isoform (HCN1-4) by membrane lipids, including cholesterol,
has not been systematically examined. Cholesterol depletion in CHO-K1 cells
by MßCD or Mevastatin or enrichment using a cholesterol-MßCD complex
expressing HCN1 or HCN2 channels leads to a reduction in current densities
as well as altering the kinetics of activation and deactivation. Immunohisto-
chemistry suggests that there is no change in the distribution of these
channels from "lipid raft" domains to "non-raft" domains as a result of choles-
terol modification. Specific isoform differences between HCN1 and HCN2
could be detected in non-equilibrium state known as "hysteresis", examined
using ramp protocols. HCN1 demonstrates hysteresis when voltage ramps
of 600mV/s are applied, whereas hysteresis is observed in HCN2 channels
only at much slower ramp speeds (eg. 150mV/s). However, while the degree
of hysteresis is unchanged in HCN1 channels when membrane cholesterol
levels are modified, hysteresis in HCN2 channels begins to be apparent at
faster ramps speeds (300 mV/s) upon cholesterol depletion. Such isoform
dependent differences in cholesterol regulation of HCN channels may
contribute to their differential distribution and function in cardiac and
neuronal tissue.
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Imperial College London, London, United Kingdom.
Fibrosis, a hallmark of cardiac remodelling is associated with disruptions of the
myocardial architecture resulting from the accumulation and excessive deposi-
tion of extracellular matrix (ECM). Ivabradine (IVA), a selective inhibitor of
the pacemaker current, has shown to have beneficial effects on pathological
remodelling including a reversal in fibrosis providing a potential treatment in
preserving cardiac structure. However, whether IVA directly alters cardiac
fibroblasts, which are key regulators of the ECM, have yet to be investigated.
The effects of 4 weeks treatment with IVA (30nM and 1mM) of left ventricular
fibroblasts isolated from a patient with dilated cardiomyopathy on a-smooth
muscle actin (a-SMA) expression, proliferation and collagen production, prop-
erties that are important in fibroblast-driven myocardial remodelling were as-
sessed. a-SMA, a marker of activated fibroblasts was reduced by IVA in a
dose-dependent manner (in arbitrary units, control: 535541; IVA30nM:
363520; IVA1mM: 181536; n=4; p<0.05). Using the MTS assay, prolifera-
tion was significantly attenuated by 1mM IVA (control: 0.0950.011nm;
IVA30nM: 0.0950.007nm; IVA1mM: 0.0350.002; n=4; p<0.001). CollagenI production was also significantly reduced by 1mM IVA (control: 1.0550.026;
IVA30nM: 0.9650.03; IVA1mM: 0.6950.07; n=4; p<0.001). The expression
of hyperpolarisation cyclic nucleotide-gated channel isoforms 2 and 4 were
identified in the fibroblasts. In addition effects of IVA on TGF-b1 expression
was measured in a rat model of heart failure. HF was induced by permanent
coronary artery ligation. After 12 weeks, HF animals were treated either with
IVA (HF-IVA) or saline for a further 4 weeks. TGF-b1 expression (sham:
0.2650.03; HF: 0.4950.02; HF-IVA: 0.3450.01; n=4; p<0.05) was
up-regulated during heart failure but IVA normalised this to sham levels.
Our results suggest that IVA directly affect cardiac fibroblasts and this is a po-
tential mechanism through which IVA could affect maladaptive remodelling of
the ECM.
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Cone CNGA3 homo-tetramers were expressed in tSA201 cells. Missense mu-
tations were generated in a highly conserved region of S2 containing three Asp
residues denoted as the Tri-Asp motif. This motif is conserved in all CNG chan-
nel subunits. We substituted Asp 231 with Asn which resulted in complete loss
of channel function. This conserved missense mutation is similar to Asp267Asn
in canine CNGB3 which is associated with the loss of cone function resulting in
day-blindness in the dogs. Further substitutions of all acidic residues in the Tri-
Asp motif were generated with Ile, Asn, Cys, or Glu. Cyclic GMP-activated
current data from excised patches of cells expressing CNGA3 channels showed
that any substitution of an Asp residue resulted in the loss of channel function.
Further, Asp substitutions resulted in mislocalization of a fluorescent tagged
subunit suggestive of improper folding and ER retention. Our results highlight
a crucial role for the Tri-Asp motif in channel biogenesis as well as function. A
homology model of the S1-S6 domains of the cCNGA3 channel was created,
using Kv1.2/2.1 as a template, and relaxed in a membrane with molecular dy-
namics simulations. The model shows that the Tri-Asp residues are involved in
salt bridge pairings with positive residues of S2-S4. We hypothesize that the
canine Asp/Asn mutation alters the electrostatic equilibrium in the S1-S4
bundle. In previous Shaker channel studies, conserved acidic residues in the
Tri-Asp motif have been implicated in monomer folding. We, therefore,
suggest that loss of the side chain cross bridges in the missense dog mutation
destabilizes electrostatic interactions impairing the monomer folding state dur-
ing biogenesis.
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Magnocellular neurons (MNCs) of the supraoptic nucleus are responsible for
the synthesis of vasopressin and oxytocin. Several studies have shown that ni-
tric oxide (NO) can play an important role in the control of the excitability of
these neurons, by a direct action on ion channels. Considering that HCN chan-
nels are important for the control of the excitability of MNCs, we aimed to
analyze the effects of NO on this type of current (Ih). For this purpose, hypo-
thalamic slices were obtained from male Wistar rats and patch clamp technique
was used to record Ih currents. Results show that 500 mML-Arginine (substrate
of NO) produced a significant reduction in the Ih current (12.3 5 3 pA) in
relation to control (24.85 1.3 pA; at - 130 mV, n = 6; P< 0.05). In contrast,
100 mM L-NAME (inhibitor of NO synthase) significantly increased Ih (from
26.55 9.4 pA in control to69.75 15.8 pA; n = 6; P< 0.05). Inactive iso-
mers (D-Arginine and D-NAME) had no effects, confirming nitrergic speci-
ficity. The effects of NO seems to involve s-nitrosylation, since ODQ
(specific blocker of guanylyl cyclase) did not change the baseline Ih. On the
other hand, NEM (blocker of s-nitrosylation - 300 mM) induced an increase
in the current (33.7 5 10.1 pA vs 81.2 5 13.4 pA, at 130 mV, n= 10,
P < 0.05). Also, in the presence of NEM, L-Arginine had no effects on Ih
(43.45 9.4 vs 40.65 6.8 pA at 130 mV, n=10, p>0.05). In conclusion,
